We designed and operated a surface ion trap, with an ion-substrate distance of 500 µm, realized with standard printed-circuit-board techniques. The trap has been loaded with up to a few thousand Sr + ions in the Coulomb-crystal regime. An analytical model of the pseudo-potential allowed us to determine the parameters that drive the trap into anisotropic regimes in which we obtain large (N > 150) purely 2D ion Coulomb crystals. These crystals may open a simple and reliable way to experiments on quantum simulations of large 2D systems.
Applications of laser cooled trapped ions are numerous and cover several research fields such as quantum information processing [1] [2] [3] , quantum simulation [4, 5] , cold molecule spectroscopy [6] and metrology [7] . In the frame of quantum information processing, a large-scale computer architecture has been proposed based on ion shuttling between interaction and memory zones [8] . A very practical way to realize such an architecture relies on surface electrode radio-frequency (rf) traps [9, 10] in which a pseudo-potential well is created above the surface of a substrate by a set of deposited metallic electrodes. The vast majority of the surface traps developed so far [11, 12] are devoted to the trapping and shuttling of short ion strings (1D ion Coulomb crystals). However a peculiar characteristic of the planar geometry, never exploited to date, is its intrinsic anisotropy that can lead to the creation of single-layer 2D ion Coulomb crystals. As suggested by Porras and Cirac [13] , such crystals are well adapted to simulate quantum phase transitions in spin systems. In particular, the control of anisotropy is ideally suited for the study of zigzag transition instabilities directly related to one-dimensional Ising models in a transverse field [14, 15] .
In order to create purely 2D laser-cooled ion lattices, three different strategies have been considered so far. One relies on Penning traps. It allowed for the observation of structural phase transitions [16] and has been more recently used for quantum control experiments [17] . The main disadvantage of this strategy is the difficulty of laser-cooling that has to deal with both magnetron and cyclotron motions [17] . Radio-frequency trap arrays are also a very promising scheme [18] . The main advantage of this strategy is the possibility to design regular lattice structures that are not imposed by the self-arrangement. However, the experimental inter-ion distances are, up to now, quite large and do not allow for sufficient ion-ion interaction [19] Finally, the surface point Paul trap geometry [20] , ideally suited to vary the trapping distance from the substrate, can be a promising candidate for quantum simulation [21] . Up to ten ions in a 2D cristalline arrangement have been loaded in this kind of traps realized with printed circuit board technology and operated in a cryogenic environment [22] . In this paper we present a linear surface rf ion trap based on a standard printed circuit board and we demonstrate the versatility of such a device that allows for the trapping of large crystallized ion ensembles. Depending on the trap parameters, different crystal shapes can be obtained. In particular, we demonstrated the formation of single-layer Coulomb crystals containing more than 150 ions. Previous works have proposed and realized similar devices [21, 23] in which the presence of stray fields [23] or the chosen trap geometry [21] probably prevented the formation of large Coulomb crystals.
We used a copper FR4 printed circuit board on which strip-lines, forming the ion trap electrodes, were chemically etched and gold-plated (thickness < 1 µm) using standard commercial procedures. The board material has already proven to be UHV compatible and bakable up to 150
• C [24] . The five wire trap geometry is presented in Fig. 1 . The longitudinal confinement is assured by four "end cap" electrodes. An oscillating potential V rf cos(ωt) with typically V rf = 125 V and ω/2π = 6.9 MHz is applied to the rf electrodes. Static voltages in the range -5V to +5V are typically used to drive the central control electrode (V CC ), the two lateral control electrodes (V LC ) and the four endcaps (V EC ).
Following reference 25, we performed an analytical calculation of the pseudo-potential associated to this particular trap geometry. The calculation gives us useful information such as the ion motional frequencies as a function of the trap parameters V rf , V CC , V LC and V EC , thus determining the trap axial and transverse anisotropies. The ion distance from the trap surface (504µm, imposed by the geometry), the trap depth and the stability parameters are also obtained. Using an approach similar to that described in reference [26] , we can also calculate the generalized q and a stability parameters: q x , q y , q z a x , a y and a z . As an example, obtained with three sets of trapping parameters that produce anisotropic or isotropic potentials.
Sr + ions are created in the trapping region (typical rate ∼ 20 s −1 ) out of an atomic vapor using a photoionization technique based on two-photon absorption of femtosecond pulses [27] . The ions are Doppler cooled using the 711 THz 5 2 S 1/2 → 5 2 P 1/2 optical transition (λ = 422 nm). To avoid optical pumping into the metastable 4 2 D 3/2 state we use an additional laser adressing the 275 THz 4 2 D 3/2 → 5 2 P 1/2 transition (λ = 1092 nm). The laser set-up is very similar to the one described in reference 28. The trap is placed in a UHV chamber with an estimated pressure below 10 −9 mbar. In the experiment, voltages slightly different from the ideal symmetric case have to be applied to the control electrodes in order to position a single trapped ion precisely at the node of the rf electric field. This allows for the reduction of the micro-motion of the ion driven by the rf electric field. In order to optimize these voltages, we used the rf correlation technique [29] that measures the arrival time correlations of single fluorescence photons with the rf cycle. By using purely longitudinal (zpropagating) and transverse (propagating at 45
• in the xz plane) cooling beams we were able to compensate for a residual axial micro-motion and the micro-motion along x. In order to compensate for the micro-motion along y (vertical), we implemented the technique developed by Allcock and co-workers, based on a vertical repumping beam [30] .
We observe stable trapping and micro-motion compensation voltages which do not vary significantly over a 30 min time-scale. However, optimal compensation voltages are not stable on a day-to-day basis (typical drifts of 70 V/m). With optimized compensation voltages, the single ion lifetime is ∼ 20 min, probably limited by the pressure in the vacuum chamber. Single ion fluorescence spectra confirm a linewidth limited by the lifetime of the Typical fluorescence images of the trapped ions obtained for different trap parameters are shown in Figure 4 . In Fig. 4(a) the ions organize themselves as a large three dimensional Coulomb crystal. We observed 3D crystals containing up to a few thousand ions, comparable to the typical numbers obtained in three dimensional macroscopic linear Paul traps [31] . Another and particularly interesting configuration is the single layer Coulomb crystal, demonstrated in Fig. 4(b) . Using an imaging system aligned along the x direction, we have actually checked the single layer character of this Coulomb crystal (bottom image). The non-fluorescing ions visible on the top view of the crystal (left side) are sympathetically-cooled strontium isotopes not addressed by the cooling lasers (only 88 Sr + is laser-cooled in this experiment). Trap potential calculations allowed us to find a very unusual working point in which the Coulomb crystal forms a single layer perpendicular to the trap surface, as shown in Fig. 4(c) . However, contrary to the two previous cases, ions could not be directly loaded using the calculated parameters (see caption of Fig. 2c for this case), propably due to the small value of the trap depth (13 meV). The trap is actually loaded using parameters close to those used in Fig. 2 (c) but with a higher value of V CC , in order to increase the trap depth. Then, V CC is reduced and one can observe the formation of a mono-layer ion crystal perpendicular to the trap surface.With the current trap design we could actually trap up to sixteen ions in this configuration. As mentioned above, these 2D structures may be exploited for the quantum simulation of two dimensional systems [32] .
In particular, the "vertical" arrangement could allow for an easier ion addressing by lasers since the control beams could freely propagate parallel to the trap surface.
In this work, we have demonstrated the versatility offered by an inexpensive, easily fabricated rf surface ion trap based on a printed-circuit board. We have shown that large Sr + ion crystals arranged in a 3D structure can be obtained, comparable in size to the crystals used in recent cavity quantum electrodynamics experiments [33] . The same device allowed us to create large ion Coulomb crystals purely bi-dimensional lying parallel to the trap substrate and containing up to 150 ions. In addition, we also demonstrated 2D Coulomb crystals standing in a plane perpendicular to the trap surface. This particular geometry allows for an easier individual addressing of ions, especially useful in view of quantum simulation experiments.
This kind of versatile devices will probably become a practical tool for quantum simulation experiments.
